The possibility to induce long range ferromagnetic order by doping oxides with transition metal ions has become a very exciting challenge in the last decade. Theoretically, it has been claimed that Mn doped ZrO 2 could be a very promising spintronic candidate and that high critical temperatures could be already achieved even for a low Mn concentration. Some experiments have reported room temperature ferromagnetism (RT-FM) whilst some others only paramagnetism. When observed, the nature of RT-FM appears to be controversial and not clearly understood. In this study, we propose to clarify and shed light on some of theses existing issues. A detailed study of the critical temperatures and low energy magnetic excitations in Mn doped ZrO 2 is performed. We show that the Curie temperatures were largely overestimated previously, due to the inadequate treatment of both thermal and transverse fluctuations, and disorder. It appears that the Mn-Mn couplings can not explain the observed RT-FM. We argue, that this can be attributed to the interaction between large moments induced in the vicinity of the manganese. This is similar to the non magnetic defect induced ferromagnetism reported in oxides, semiconductors and graphene/graphite.
The possibility to trigger and control ferromagnetism in transition metal doped oxides such as the widely studied ZnO 1-5 , TiO 2 6,7 , HfO 2 8,9 , ZrO 2 10-12 , In 2 O 3 13-15 etc. has led to a huge development over these last years. These dielectric and transparent materials (large band gap) could unambiguously lead in the near future to a plethora of technological applications, in both areas of spintronics and opto-electronics, such as light emitting devices, magnetic sensors, detectors, ultra low-power memory devices etc. The interest in such materials has been growing tremendously during the last few years as demonstrated by the large amount of work found in the literature. However, from the fundamental point of view, many questions are still to be clarified. The often reported room temperature ferromagnetism in these diluted magnetic oxides (DMO) is not always well understood.
Recent experimental studies on Co doped ZnO 16 interestingly revealed the existence of nanosized ferromagnetic Co clusters, leading to critical temperatures of ∼300 K. The spinodal decomposition (alternating regions of low and high concentration of magnetic impurities) has been suggested to be the probable reason for the high Curie temperatures observed in some of these diluted materials [17] [18] [19] . Nevertheless, the fact remains that the nature and origin of the ferromagnetism is often controversial and not always systematically reproducible in most of the DMO. From this point of view the case of ZrO 2 , also known as synthetic diamond, is particularly interesting.
In a recent letter 20 , the authors have predicted that the cubic zirconia could exhibit relatively high Curie temperatures (beyond 500 K) when doped with a relatively low concentration of Mn. It has also been shown that the ferromagnetism is robust against oxygen vacancies and defects. These interesting results have motivated many experimental studies. Unfortunately, many have failed to observe ferromagnetism or could not reproduce the results from other groups. The ferromagnetism, when observed, appears to be metastable and sensitive to the growth and preparation conditions. Very often a non-ferromagnetic phase in Mn-doped ZrO 2 has been reported 8, 21, 22 . On the other hand, an inhomogeneous ferromagnetic phase has also been reported in zirconia thin films 28 . The observed phase appeared to be independent of the Mn concentration and was attributed to intrinsic defects.
In other words they have concluded that the Mn ions play a secondary role in the latter case, which contradicts the theoretical predictions. More recently, high Curie temperature ferromagnetism in cubic Mn-doped ZrO 2 thin films has been reported 11 . In this study, the authors have concluded that the ferromagnetism should result from the Mn-Mn exchange interactions. This in our view is not convincing since for a Mn concentration of about 5% a huge moment of the order of 13.8 µB per Mn was measured. In addition, in the monoclinic case room temperature ferromagnetism has also been observed in both doped and undoped host material. The conclusion was that in the latter case the FM is due to both the Mn-Mn couplings and the intrinsic defects. These defects were identified as structural defects, such as vacancies, located at the interface between film and substrate or at the surface. But the possibility of oxygen vacancies was ruled out from annealing measurements. Ferromagnetism can indeed be induced by non-magnetic or intrinsic defects, this phenomenon is also known as d 0 ferromagnetism [23] [24] [25] [26] [27] . The non-trivial underlying physics involves many body aspects and still remains highly debated. In particular the competition between localization and electron-electron interaction which is at the origin of the magnetic moment formation in the vicinity of the defects. The induced moments could then eventually interact favorably, under certain conditions, and lead to long range ferromagnetic order.
In this letter, we propose to clarify the role of Mn-Mn couplings in cubic Mn-doped ZrO 2 , and show that this exchange mechanism can not explain the room temperature ferromagnetism observed. We demonstrate that the high Curie temperature predicted in a previous theoretical study 20 originates from an inaccurate treatment of both disorder (percolation effects not included) and thermal fluctuations (underestimated). For instance, we find that in the 5% doped ZrO 2 , the Curie temperature can not exceed 20 K. In addition, we present a detailed analysis of the nature of the magnetic excitations in defect free Mn doped zirconia. In the light of the current study, we will reconsider the interpretation of some existing experimental data.
The Hamiltonian describing N imp interacting spins randomly distributed on a lattice of N sites is given by the diluted random Heisenberg model,
where the sum ij runs over all sites and the random variable p i is 1 if the site is occupied by an impurity, otherwise it is 0. S i is the localized Mn relatively low energy region. In addition it exhibits a multiple peak structure separated by "pseudo gap" regions (very low density of states). These peaks result from weakly coupled clusters of Mn. Indeed, as seen previously both the nearest and next-nearest neighbor couplings are much larger than the others. For x = 0.15 the magnon DOS has already changed significantly. Besides a relatively narrow peak at low energy the magnon DOS now has a significant weight which extends to relatively high energies. We still observe some peak structure for the intermediate energies. For the largest concentration x = 0.25, the magnon DOS exhibits now a broad peak at 1500 K and a flat region between 250 K to 1000 K. The significant change in the DOS when the Mn concentration varies from x = 0.15 to x = 0.25, is a signature of the very short ranged nature of the exchange interactions.
Let us now discuss the effects of a proper treatment of both disorder and thermal/transverse fluctuations on the Curie temperatures, which is depicted in Fig.3 . We compare the self-consistently calculated T C to that given in Ref. is found to increase strongly as we move away from the Γ point. In (b) and (c) we observe that A(q,ω) is insensitive to the momentum. For these momenta, A(q,ω) is identical to the density of states shown in Fig.2 . The magnon excitations are completely incoherent in these regions of the BZ. This behavior also indicates that these high energy modes (peaks) are completely localized. In Fig.5 , the disorder averaged spectral function is now plotted for a larger concentration of Mn, x = 0.25. Qualitatively this figure resembles the previous one, besides the fact that the long wavelength modes are now well defined for a broader range of momentum q (the system size was L=32 in Fig.4 and L=20 in the present case). We will In order to get a better insight of the low energy excitations we have plotted in Fig.6 the spin stiffness D as a function of the Mn concentration. We remind that in the long wavelength limit the magnon energy scales like ω(q)=Dq 2 . To evaluate quantitatively the effects of percolation and thermal fluctuations, both the mean field value and that calculated from the finite size analysis of A(q,ω) are shown. Note that the mean-field value of the spin stiffness is
, where the sum runs over the shells and r i is the distance between the sites of the i-th shell and a site at the origin. We observe a dramatic effect on D for the low concentrations. Indeed, for x = 0.05 the mean field spin stiffness is six times larger than that obtained within the local RPA. Even for the 10% doped system it is almost three times larger, and twice in the 20% case. We also observe that the extrapolation of the spin stiffness vanishes at approximately x ≈ 0.03 (percolation threshold). This agrees very well with the value that could be estimated from the critical temperature (Fig.3) . We expect indeed, both T C and D to vanish exactly at the percolation threshold.
Finally we provide a quantitative estimate of the region of the BZ where well defined magnons exist. We focus only in the (1,0,0) direction here. One way to extract accurately the critical line that separates extended from localized magnons would be to calculate the typical density of states 39, 40 . This method allows to determine the mobility edge for the metal-insulator transition in the Anderson model. As this approach is more demanding, for the sake of simplicity, we consider the following alternative natural criterion: the magnon modes are well defined only if their linewidth γ(q) (inverse of the lifetime) is smaller than their energy ω(q). The results are depicted in Fig.7 . We find that the line that separates the well defined magnons from localized magnon modes is given by q c = A(x − x c ) 1/3 , where x c is found to be 0.0345. This is in excellent agreement with that extracted from the spin stiffness and the critical temperature. One immediately sees, for the 25% doped case the volume of well defined magnons is fifteen times larger than that of the 5% doped zirconia. shown that the 5% Mn doped systems is close to percolation and its critical temperature can not exceed 20 K. Room temperature ferromagnetism is reachable only for large Mn concentration, beyond 25%. Thus, in our view, the room temperature ferromagnetism observed experimentally in cubic Mn-doped zirconia could be of d 0 nature, and the spin of Mn plays only a secondary role. The question is whether the manganese induces large magnetic moment in its surrounding or the ferromagnetism is due to other intrinsic defects. However, we do not rule out the possibility of nanoscale spinodal decomposition which can also lead to room temperature ferromagnetism, even in the 5% doped case, for effective short-ranged interactions. It will be interesting to investigate these issues experimentally. In addition, we have presented a detailed analysis of the energy and linewidth of the spin excitations with a particular focus on the long wavelength limit (spin stiffness). It is found that for 5% doped zirconia extended magnons exist only within about 2% of the volume of the Brillouin zone, whilst it reaches approximately 25% for 25% doped zirconia. We believe that our study should also be relevant for other compounds, namely transition metal ion doped oxides such as TiO 2 , HfO 2 , SnO 2 or In 2 O 3 .
